Introduction {#s1}
============

Ticks are obligate blood-feeding ectoparasites of a wide range of vertebrates and are important vectors of human and animal pathogens ([@B1]). Hard ticks (Ixodidae) feed once in each developmental stage for a prolonged period by deeply penetrating the epidermis, forming a pool of blood, and causing great damage to the host skin that could last from several days to weeks ([@B2], [@B3]). The saliva composition of the tick and other hematophagous arthropods is complex and includes vasodilators, anti-coagulation compounds, and platelet aggregation inhibitors ([@B2], [@B4]). In ticks, saliva composition changes at different time points ([@B5], [@B6]). Arthropods use saliva to counteract the response against injury caused during the process of blood feeding (piercing and tearing) that trigger host defense mechanisms as well as to facilitate the process of obtaining the blood. Evidence suggests that pathogens may take advantage of the immunomodulatory properties of the arthropod saliva to establish infection ([@B7]--[@B9]). Arthropod saliva modulates the transmission of pathogens either directly by enhancing pathogen invasion ([@B10], [@B11]) or indirectly by modulating host immune responses ([@B12], [@B13]).

Also, salivary proteins may induce potent antibody responses that can be associated with the intensity of exposure to arthropod saliva and can be used as a proxy to measure the degree of vector-host interaction ([@B14], [@B15]). The presence of anti-tick saliva antibodies in human serum can be measured by enzyme-linked immunosorbent assay (ELISA) as a biologic marker of tick exposure with epidemiologic applications. For instance, in the state of California, Lane et al. found a significant correlation between the antibodies to *Ixodes pacificus* and *Borrelia burgdorferi* ([@B16]). Previous studies also suggest that the vertebrate immune system exert immunological pressure on the arthropod ([@B2]). Specifically, studies report that arthropods may display differences in the composition of their saliva when exposed to different hosts ([@B17], [@B18]). The development of immunity against specific salivary proteins may impair feeding ([@B11], [@B19], [@B20]), thus it is expected that arthropods try to induce lower antibody levels against proteins that are special for blood feeding. Although the development of strong immunity against salivary proteins is rarely seen in nature ([@B21]), this characteristic is being exploited to develop anti-tick vaccines ([@B22]).

The lone star tick, *Amblyomma americanum*, is widely distributed across the Southeast and Midwest of the USA and have begun to spread to the central plains of the USA and to Canada ([@B23], [@B24]). This species is an important vector of *Francisella tularensis, Ehrlichia sp*., and other pathogens ([@B25], [@B26]) and has been associated with triggering red meat allergy ([@B27]). Previous studies suggest a great diversity among *A. americanum* specimens collected in different states across the US. Also, among ticks raised in colony vs. the ones found in the wild ([@B28]). In this study, we tested the hypothesis that field collected *A. americanum* ticks have greater diversity in their salivary protein content than those raised in a colony for several generations, thus inducing different immune responses in the vertebrate hosts when feeding. Our preliminary approach was to explore the differences between ticks raised in a laboratory colony compared to those collected from the field by characterizing (a) the salivary gland extract protein content, (b) antibody levels against the salivary glands extract, and (c) the *in vitro* effect of tick salivary gland content on human cells using specific markers for inflammation and/or cell damage. Our aim was to identify important proteins subject to immunological pressure in the field and to detect specific salivary proteins that could be used to evaluate arthropod host interaction. Our preliminary results revealed important differences in the salivary content of ticks from the field that could potentially have an impact in pathogen transmission.

Materials and Methods {#s2}
=====================

Tick Specimens
--------------

Laboratory-reared colony non-fed *A. americanum* female adult ticks (CT) were obtained in 2017 from the Department of Entomology and Plant Pathology tick rearing facility at Oklahoma State University (Stillwater, OK). This tick colony was started in 1976 with engorged females collected in Oklahoma. Engorged females are introduced every 2 years in approximately equal numbers to mated colony females. All adult females are reared on sheep and kept at 94--96% humidity, and on a 12:12-hr light:dark cycle. All CT requested for this study were more than 2 months old (based on molting time). Field non-fed-questing *A. americanum* female adult ticks (FT) (unknown molting date) were collected from northeastern Kansas (Konza Prairie Biological Research Station) during summer in 2017 and 2018 using the cloth flagging method. Flags were made by attaching a 95 cm by 70 cm flannel cloth to a wooden utility handle (120 cm). Flagging was carried out by dragging the cloth over the grass area on the edge of the forest for 3--4 m. Ticks were removed from the cloth and placed in glass containers stored in a cooler with high humidity (\>90% RH) until arrival to the laboratory. *A. americanum* females were identified by distinct morphological characteristics of ticks found in the state of Kansas ([@B29]). Main morphological features included; long palps and ornate scutum typical of genus *Amblyomma* and the distinct white spot located on the edge of scutum; characteristic of the *A. americanum* female ([@B30]). All ticks were stored at 4°C in 100% R.H (relative humidity) until used for the experiments.

Salivary Gland Extraction and Antigen Preparation
-------------------------------------------------

Ticks were surface sterilized using 0.5% sodium hypochlorite, 70% ethanol, and washed with sterile water before dissections. Ticks were immobilized on sterile dental wax and sterile phosphate buffer saline (PBS) was added. Tick dorsal integument was removed by a surgical scalpel and salivary glands were extracted. Dissections were performed initiating from anterior part of ticks to minimize the risk of contamination by avoiding midgut in posterior end. Salivary glands were removed and rinsed with PBS prior pooling based on the origin (FT and CT). Salivary gland extract (SGE) was obtained through freeze-thaw cycles (−80°C and 27°C/3 cycles). Protein concentration was measured using a NanoDropTM 2000 spectrophotometer (Thermo Fisher Scientific). Twenty ticks (10 FT and 10 CT) were selected for salivary gland dissections.

Human Blood Sampling
--------------------

The protocols followed in the study were reviewed and approved by IRB \#1206 from Kansas State University. Blood samples were obtained from 36 adult volunteers residing in Manhattan, Kansas thought finger prick. Blood samples were collected in filter papers (Whatman 903). Samples were collected in the summer 2018 (May--June), and only 27 of those could be followed in the fall (September--November). Blood was collected by the finger prick method as reported elsewhere ([@B31]) and blood drops were placed in. Dried blood spots in filter paper were eluted in PBS for further testing. At enrollment, tested individuals were provided with a questionnaire to gather information about age, gender, use of repellant, travel, and outdoor activities.

ELISA Antibody Levels Testing
-----------------------------

Antibody levels were determined by an indirect ELISA following our previous published methodology (15). Total SGE from CT and FT were used as an antigen in the ELISA-based test conducted in 96-well ELISA plates (Nunc-Maxisorp, Nalgene Nunc International, Rochester, NY, USA). Plates were coated with 50 μl/well of tick SGE at a final concentration of 1 μg/ml prepared in 1X PBS and incubated overnight at 4°C. Blood from filter paper was eluted as follows, the fourth part of every dry blood spot (DBS) circle was eluted in 500 μl of PBS 1X overnight at 4°C. Plates were rinsed twice with washing buffer (1X PBS-0,05 % tween 20) and treated with blocking buffer (non-fat dry milk 2%, Tween 20 0.05%, 1X PBS) for 1.5 h at 37°C. Plates were then rinsed twice with washing buffer, and 50 μl/well of the eluted blood (1:50 diluted in blocking buffer) was incubated for 1.5 h at 37°C. After three washes, plates were incubated with horseradish peroxidase-conjugated goat anti-human IgG (Abcam, Ab81202) in a 1:1,000 dilution in blocking buffer. The colorimetric development was obtained using tetra-methyl-benzidine (TMB) (Gene-Script, Piscataway, NJ, USA). The reaction was stopped with 2N sulfuric acid and absorbance was measured at 450 nm. Two controls were included on each plate: (1) negative control: two wells with antigen and without sample as control for non-specific induction of color, caused by any of the reagents used in the test (2) positive control: 1 control per plate (same sample) to test plate variation and normalize OD (optical density) values as described elsewhere ([@B15], [@B32]). IgG antibody levels are reported as ΔOD = Average patient OD value (duplicate) minus the negative/blank control OD.

Tick SGE Protein Electrophoresis and Immunoblotting
---------------------------------------------------

For protein separation, the same amount (10 μg) of FT-SGE and CT-SGE were seeded in two miniprotean TGX gels (Bio-Rad) by duplicate. Precision Plus Protein™ 10--250 kDa Kaleidoscope™ (Thermo Fisher) was used as molecular weight marker and the gel was exposed to 150 V for 45 min. One gel was then washed with PBS and the proteins were visualized using the Pierce Silver Stain kit (Thermo Scientific) according to the manufacturer\'s instructions. A second gel was used for transferring proteins into a PVDF blotting membrane, trans-blot turbo (Bio-Rad). PVDF membrane with the tick salivary proteins was incubated overnight at 4°C with a 1:100 dilution of a pool of eluted blood samples (*n* = 10) from filter paper (as described above) using ELISA blocking buffer. After three washes with ELISA washing buffer, the membrane was incubated 2 h at room temperature with horseradish peroxidase-conjugated goat anti-human IgG (Abcam, Ab81202) in a 1:1,000 dilution in blocking buffer. The membrane was then washed three times with 1X PBS and incubated with TMB for membranes (Thermo Fisher) and the reaction was stopped with deionized water until the desired color was reached. Reactive proteins were measured using; My Image analysis software using the immunoblot picture as described elsewhere ([@B15]). Bands were identified and cut from the stained gel (sizes of \~10 and 20 kDa) and sent in duplicates for sequencing by UPLC-MS/MS.

Gel bands corresponding to immunogenic bands observed in the immunoblotting were sent for sequencing. Briefly, two independent samples for every band were obtained and analyzed. Every protein name was searched in the UNIPROT database and a blast search was performed. Gene ontology was also analyzed using UNIPROT. Features like protein weigh, identity with *A. americanum* and cell localization were recorded for all proteins. From the top 100 identified proteins using mass spectrometry (MS), 39 proteins were selected in total according to the occurrence probability \>1.066 and expected weight.

Cell Lines
----------

The Monocyte-like U937 (ATCC), endothelial HUVEC and neuroblastoma SH-SY5Y (Sigma-Aldrich) cell lines were used in this study to assess inflammation and cell damage. To evaluate the effect of SGE on immune on phagocytic cells ([@B33]) we used the mononuclear derived U937 cells were cultured in RPMI 1640 medium supplemented with 10% Fetal Bovine Serum (FBS) and penicillin/streptomycin 1%. Also, to evaluate the effect of endothelial tissue ([@B34]), we used HUVEC cells (Millipore-Sigma) cultured in endothelial cell growth medium following sellers\' instructions. Since a significant number of viruses transmitted by ticks are neurotropic and arthropod salivary protein may disrupt the nerve-blood barrier, we used the SH-SY5Y neuroblastoma cells to evaluate the effect of SGE on neuronal physiology as described previously ([@B35], [@B36]). SH-SY5Y cells were cultured in DMEM medium supplemented with 15% heat-inactivated FBS and 1% Penicillin/streptomycin.

Cytokine Induction by Tick SGE
------------------------------

Cells were seeded in 24-well plates, 24 previous to the experiment. Cells were exposed to 1 μg/ml of SGE from either FT or CT an incubated for 24 h at 37°C and 5% of CO~2~. After incubation, the cell pellet was collected and lysed using the RNA lysis buffer (Zymo Kit, cat R1055). Total RNA was extracted using Quick-RNA Kits (Zymo Research) and following manufacturer\'s instructions. RNA was used to produce cDNA using the RT2 First strand synthesis kit (Qiagen) and kept at −20°C until used.

In HUVEC cells, we measured the gene expression of fibronectin 1 (*FN1*) and thrombospondin (*TSP1*) ([@B37], [@B38]). For the SH-SY5Y cell line, we tested the *CASPASE 3, enolase 2*, Toll-interacting protein (*TOLLIP*), and myeloid differentiation factor-88 adaptor protein (*MyD88*) genes previously associated with injury/damage and immunity in these cells ([@B39]--[@B42]) ([Supplementary Table S1](#SM1){ref-type="supplementary-material"}). In addition, cytokine gene expression in the U937 cell line (macrophages) was evaluated using the Applied Biosystems® TaqMan® Array Human Cytokine Network 96-well Plate (Thermo Fisher) following the manufacturer\'s instructions. Afterward, genes that were found up-regulated were tested further to confirm the results. For this, we used a set of previously published primers: Interleukine (IL) IL8, IL-18, IL12a, IL1B and Tumor Necrosis Factor alfa (TNFα) ([@B43]--[@B45]), C-C Motif Chemokine Ligand 5 (CCL5), IL-10 ([@B46]), and Interferon gamma (IFNγ) ([@B47]). These reactions were performed using the PowerUp™ SYBR™ Green Master Mix (Thermo-fisher) in the Quantstudio 3 (Applied Biosystem) PCR thermocycler following manufacturer\'s instructions.

Data Analysis
-------------

The difference between two independent groups (i.e., antibody levels between males vs. females, fall vs. summer) was determined using the Mann-Whitney test with a *p* \< 0.05. Correlation between to independent parameters was done using Spearman correlation method. Paired analysis (i.e., IgG antibodies in the summer vs. fall) we used Wilcoxon-matched pair test. Fold gene expression was calculated by the relative quantification 2^−ΔΔ*ct*^ method using the β2 macroglobulin as the housekeeping gene and cells without treatment as control. To test for statically significant differences (*p* \< *0.05*) between the independent groups Statistical analysis was performed using GraphPad Prism, version 8.1 (GraphPad Software Inc., La Jolla, CA).

Results {#s3}
=======

Antibody Responses Against Whole SGE Proteins
---------------------------------------------

To evaluate human immune responses against tick saliva, we collected blood samples from 36 volunteers living in Manhattan, KS, who reported no current illness at the time of sampling. The study sample was composed of 20 women and 16 men, with an age average of 39 years old (from 22 to 69 years) ([Table 1](#T1){ref-type="table"}). We collected samples from all 36 individuals in summer 2018, however, only 27 participants volunteered for a second sample in the Fall. Only 3 individuals tested (2 females, 1 male) reported to have traveled outside the US during summer, however, all volunteers reported to participate in outdoor activities during this time of the year and only 11 participants reported not using repellent during these activities.

###### 

Summary of healthy volunteers participating in our study (individuals with outdoor activity associated with tick habitat).

           **Males[^\*^](#TN1){ref-type="table-fn"}**   **Females[^\*^](#TN1){ref-type="table-fn"}**   **Total**
  -------- -------------------------------------------- ---------------------------------------------- -----------
  Summer   16 (7)                                       20 (9)                                         36
  Fall     12 (5)                                       15 (6)                                         27

*Outdoor activities included hiking, gardening, camping and yard work*.

*Individuals who traveled outside the US during summer (2 females, 1 male). Only 1 male and 1 female were tested again for fall*.

Comparison of the IgG antibody levels against each SGE type (FT vs. CT) showed significantly higher antibody levels against the CT-SGE than against the FT-SGE (Mann-Whitney test, *p* = 0.0094). In addition, antibody levels against both SGE antigens were significantly higher in the summer months than in the Fall (Mann-Whitney test, *p* \< 0.05), but no significant differences were observed when comparing antibody levels between males and females, or after comparing people using repellent or not (Mann-Whitney test, *p* \> 0.05) ([Figures 2A](#F2){ref-type="fig"}--[D](#F2){ref-type="fig"}).

Salivary Profiles and Immunogenic Proteins in SGE From CT and FT
----------------------------------------------------------------

The SDS-PAGE analysis showed discrete differences in the SGE protein content from the CT-SGE and FT-SGE ([Figure 1A](#F1){ref-type="fig"}). In general, higher protein content was observed in the CT-SGE in spite that equal amount of protein was loaded on each lane. However, the immunoblot testing the reactivity of human samples against both SGE revealed a significant strong reactivity with a band around \~25 kDa in the FT- SGE and a band around \~ 22 kDa for CT-SGE ([Figure 1B](#F1){ref-type="fig"}). In addition, we observed a \~ 10-kDa band in both, CT and FT, although the band showed stronger reactivity in FT-SGE ([Figure 1C](#F1){ref-type="fig"}; [Supplementary Figure S1](#SM2){ref-type="supplementary-material"}). Mass spectrometry of the 10 kDa band revealed a total of 19 proteins. Specifically, eight proteins were unique to the CT-SGE, seven unique to the FT-SGE, and four were shared between both groups ([Figure 1D](#F1){ref-type="fig"}). In the case of the \~25--22 kDa portion, a total of 30 proteins were identified, 11 proteins specific to CT-SGE, 13 in the FT-SGE and six were shared by both groups. The list of proteins can be found in [Table 2](#T2){ref-type="table"}.

![SGE protein analysis Colony and Field. **(A)** Protein SDS-PAGE (silver stain). **(B)** Immunoblot using human samples from healthy volunteers. **(C)** Intensity comparison of immunogenic bands from the immunoblot, and **(D)** Schematic representation of proteins identified by mass spectrometry. Figure displaying the median with interquartile range. Significance evaluated by the Mann-Whitney test with a p \< 0.05.](fimmu-10-01996-g0001){#F1}

![IgG Antibody levels in human samples tested by ELISA. **(A)** Total IgG antibody levels against FT-SGE and CT-SGE. **(B)** Comparison of anti SGE antibodies levels in women and men enrolled in summer 2018. **(C)** Comparison of IgG antibodies levels by use of repellent. **(D)** Comparison of antibody levels in Summer and Fall of 2018. Figure displaying the median with interquartile range.Significance evaluated by the Mann-Whitney test with a *p* \< *0.05*.](fimmu-10-01996-g0002){#F2}

###### 

List of proteins found by mass spectrometry in the \~25--22 and 10 kDa gel area corresponding to the immunogenic bands in the immunoblot.

  **Protein name**                                                                          **ID**       **MW**
  ----------------------------------------------------------------------------------------- ------------ --------
  **Only Field**                                                                                         
  **10 kDa Band**                                                                                        
  Putative m13 family peptidase[^1^](#TN2){ref-type="table-fn"}                             A0A0C9RVU2   11,956
  Putative ribosomal protein s18c                                                           A0A0C9RZJ8   17798
  Putative myosin regulatory light chain ef-hand protein                                    A0A0C9SCS4   19,957
  **22--25 kDa Band**                                                                                    
  Putative lipocalin-5[^1^](#TN2){ref-type="table-fn"}                                      A0A0C9SE12   25,502
  Putative polynucleotide kinase 3\' phosphatase                                            A0A0C9RUF1   29,836
  Putative endoplasmic reticulum glucose-regulated protein grp94/endoplasmin hsp90 family   A0A0C9SDH1   27,206
  Serine protease inhibitor[^2^](#TN3){ref-type="table-fn"}                                 A0A0E9Y1R8   24,603
  Putative cell cycle-associated protein                                                    A0A0C9S1G1   22,560
  40S ribosomal protein S3a                                                                 A0A0C9S283   30,205
  Putative phosphoserine phosphatase                                                        A0A0C9SBN8   26,146
  **Only colony**                                                                                        
  **10 kDa Band**                                                                                        
  Putative vitellogenin                                                                     A0A0C9RSG8   15,853
  Histone H4                                                                                A0A0C9QYX1   11,667
  Putative calmodulin                                                                       A0A0C9QZX5   16,811
  Putative lipocalin-3 1 lipocalin                                                          A0A0C9SAU2   17,939
  **22--25 kDa Band**                                                                                    
  Signal peptidase complex subunit 3                                                        A0A0C9RR64   20,224
  Spectrin alpha chain-like protein                                                         B5M765       26,729
  Putative chaperonin subunit                                                               A0A0C9R1F3   23,782
  Putative 26s protease regulatory subunit 4-like protein                                   A0A0C9SBM8   25,824
  Putative secreted protein 94[^1^](#TN2){ref-type="table-fn"}                              A0A0C9S5A9   23,779
  **Shared**                                                                                             
  **10 kDa band**                                                                                        
  Ferritin                                                                                  Q6WNX6       19,853
  Putative 40s ribosomal protein s27a                                                       A0A0C9SCH5   17,949
  Putative a-macroglobulin receptor[^2^](#TN3){ref-type="table-fn"}                         A0A0C9SC71   15,655
  Alpha-2-macroglobulin[^2^](#TN2){ref-type="table-fn"}                                     B5M727       19,026
  **22--25 kDa Band**                                                                                    
  Putative heme lipoprotein                                                                 A0A0C9RTH2   23,282
  Putative vitellogenin-2                                                                   A0A0C9S1B0   20,974
  Putative lipocal-1 14 lipocalin                                                           A0A0C9SFF5   23,504
  Actin                                                                                     B5M764       21,136
  Putative polyubiquitin                                                                    A0A0C9S1S7   25,821
  Putative laminin g domain protein                                                         A0A0C9S253   28,976

*Signal peptide*.

*Secreted protein*.

Since we used SGE and not saliva, we found both secreted and non-secreted proteins. Gene ontology revealed the function of 17 proteins, among those we could identify some with binding activity (*n* = 9), catalytic activity (*n* = 6), structural constituent of ribosome (*n* = 3), and lipid transporter activity (*n* = 1). From those proteins with an enzymatic activity we could identify hydrolases (*n* = 4), peptidases (*n* = 3), ferroxidase (*n* = 1), and kinases (*n* = 1). In addition, categorization by the biological process, we found proteins involved in cellular processes (*n* = 10), metabolic processes (*n* = 6), response to stimulus (*n* = 2) biological regulation (*n* = 2) and iron transport (*n* = 1). The only protein family found uniquely expressed as well as shared was the group of lipocalins, these proteins are found in the saliva of several arthropods and are abundant in tick saliva ([@B48], [@B49]). Our sequencing data revealed three lipocalins, one shared between tick groups and two individual lipocalins. BLAST analysis showed a 72% identity between a human lipocalin 2 protein (LCN2) ([@B50]) and the A0A0C9SE12 found in FT-SGE, while a 63% identity was found when comparing A0A0C9SAU2 from CT and only a 33% when comparing the shared A0A0C9SFF5. No other groups were found distributed among all categories analyzed (i.e., CT, FT, and shared.).

Cytokine Gene Expression
------------------------

We tested the *in vitro* effect of CT-SGE and FT-SGE on human cells with the potential for interacting with the arthropod saliva during or after the blood feeding. Previous studies have shown the effect or arthropod saliva in the physiology of macrophages, endothelial cells and neurons ([@B51]). So, we explored the possibility that SGE from arthropods raised under different conditions may have a differential effect on host immunity. For this, we used a cytokine expression array and qRT-PCR to measure cytokine levels in the macrophage-like cell line U937 and exposed them to either CT-SGE or FT-SGE. Our results showed a slight upregulation (\>1.0 fold) of IL-8, IL-10, and TNFα upon treatment with FT SGE ([Figure 3A](#F3){ref-type="fig"}). Interestingly, the difference between SGE\'s was only significant in the TNFα levels (Mann-Whitney test, *p* = 0.0159) ([Figure 3B](#F3){ref-type="fig"}). We did not find any significant differences in the expression of Fibronectin 1 and Thrombospondin 1 genes HUVEC cells ([Figure 3C](#F3){ref-type="fig"}) or any of the genes tested in SH-SY5Y cells exposed to both groups of SGE, However, all these genes were upregulated in the SH-SY5Y upon incubation with the tick SGE ([Figure 3D](#F3){ref-type="fig"}).

![Comparison of fold change gene expression between cells treated with either FT-SGE or CT-SGE. **(A)** Cytokine array values in U937 cells. **(B)** qRT-PCR results U937 cells cytokine testing. **(C)** Fold change gene expression in endothelial cells, and **(D)** gene expression in neurons. Figure displaying the median with interquartile range. Significance was tested by the Mann-Whitney test with a *p* \< *0.05*.](fimmu-10-01996-g0003){#F3}

Discussion {#s4}
==========

Arthropod saliva has recaptured attention in public health because of its involvement in the transmission of human pathogens. The use of antibodies against arthropod saliva as markers for bite exposure has been implemented to evaluate the risk of malaria and other mosquito-borne viruses with high reliability. In our study, we observed a significant reduction of anti-tick SGE antibodies from summer to fall suggesting a higher exposure to arthropod bites during the warmer months as observed previously. These results are in concordance to previous studies showing that antibodies against salivary proteins may be short-lived ([@B52], [@B53]). An unexpected finding was the higher antibody levels against the CT-SGE instead of the FT-SGE. Usually, colony arthropods are fed from the blood of one animal species for several generations. In this case, the colony ticks have been maintained in sheep for several years. Since several studies suggest that vertebrate host exert immunological pressure on salivary proteins, we speculate that the significantly higher concentration of salivary gland protein in the CT-SGE content may explain the observed results. Although the same concentration of SGE was used for all ELISAs, it is possible that the concentration of specific immunogenic proteins is higher in the CT-SGE than in the FT as revealed by our immunoblot. Our results suggest that the FT-SGE may have adapted to produce less concentration of highly immunogenic protein to induce fewer antibodies production and allow for longer feeding time. Importantly, immunogenic salivary proteins involved in blood feeding capable of inducing "good" antibody levels may be used as anti-arthropod vaccines ([@B20], [@B22], [@B54]).

A recent sialo-proteome study has reported up to 2,153 secreted proteins in *A. americanum* saliva and most of the proteins found in our study have been previously reported ([@B20], [@B55]). We found ten proteins only in FT-SGE, nine in CT-SGE only, and ten were shared between the two strains. Since we worked with SGE we found secreted and structural proteins. In the case of the FT SGE, three secreted proteins were uniquely found, a putative m13 family peptidase, a putative lipocalin-5 and a serine protease inhibitor. Another interesting protein found uniquely in the FT was a serine protease inhibitor (A0A0E9Y1R8). Among a wide range of functions, serine protease inhibitors are directly involved in the regulation of inflammation, blood clotting, wound healing, vasoconstriction. Also, several tick serine protease inhibitors are promising candidates for anti-tick vaccines ([@B22], [@B56]). In the case of the CT-SGE, we found an uncharacterized putative secreted protein 94 (A0A0C9S5A9) and a putative calmodulin (A0A0C9QZX5) among the proteins uniquely found in this tick group. Calmodulins are involved in calcium binding and previous studies describe a calmodulin involved in cellular signal transduction in *Haemaphysalis flava* ([@B57]).

Several proteins were found shared between the FT-SGE and the CT-SGE. Ferritin has previously found immunogenic in *A. americanum* salivary content ([@B20]). Ferritin has also been reported in salivary secretions from other ticks species where it plays important roles not only on iron metabolism and immunity but also as an anti-oxidant ([@B58], [@B59]). What may explain why it is important for both tick groups included in this study. Another important group of proteins found shared between tick groups were the α2-macroglobulin (α2M). These proteins are closely related to the C3, C4, and C5 components of the vertebrate complement system ([@B60]) and previous studies suggest a potential crosstalk of these molecules between vertebrates and invertebrates ([@B61]). The presence of α2Ms in the groups of shared proteins highlight the importance of immune defense during blood feedings since these groups of proteins are considered as early-acting innate immunity components, similar to opsonin ([@B60]). Also, a putative heme lipoprotein (A0A0C9RTH2) was found shared between CT and FT. A hem lipoprotein (HeLP) has been reported in the hemolymph of *Boophilus microplus*. This protein is able to bind up to 8 heme molecules and transports iron from the hemolymph to the tissues ([@B62]).

In this study, we explored for first the time the effect of tick saliva from different origin on neurons and endothelial cells *in vitro*. With this preliminary study, although no significant gene expression difference between strains was observed, our preliminary data suggest that both tick strains saliva could have an important impact in neuronal physiology, and further studies in this field are urgently needed. Although most of the cytokines measured were not significantly upregulated in concordance with previous studies suggesting an anti-inflammatory effect of tick saliva ([@B63], [@B64]), we observed a significantly higher expression of the pro-inflammatory cytokine TNFα (6-fold) in U937 cells when exposed to FT-SGE. Our hypothesis is that the presence of Lipocalin 5 in the FT-SGE may explain the discrepancies. In humans, a positive correlation of lipocalin-2 serum levels with serum TNFα levels was observed. There is a 72% identity between Lipocalin 2 and the putative Lipocalin 5 found that may explain why we observed higher TNF in macrophages exposed to this SGE. While the other two lipocalins, Lipocalin 3 found uniquely in SGE from CT and lipocalin 1 revealing only 63 and 33%, respectively. Lipocalins are abundant proteins in the saliva of both soft and hard ticks. Also, a lipocalin from *Ixodes ricinus* (LIR) was associated with modulation of inflammation ([@B65]). These lipocalins are associated regulating skin immune responses through scavenging bio-amines decreasing the sensation of pain during the blood-feeding process and have been associated with toxicosis, a toxic reaction against tick and mite bites ([@B66]). In addition, higher levels of TNFα, downregulate B cell responses and is associated with lower immunoglobulin production ([@B67], [@B68]) which might explain lower antibody levels after exposure to field tick saliva.

Increasing evidence suggesting a close interaction between the immune and the nervous system in control of pain sensation. During feeding, arthropods should modulate pain sensation to guarantee their repletion. MyD88 mediates the majority of the Toll-Like Receptors (TLR) signaling and modulating the production of inflammatory cytokines ([@B69]). TLRs members are also expressed in nervous cells including microglia and astrocytes which modulate pain and itch conditions. Our study showed more than 4-fold upregulation of these genes in cells treated with FT-SGE. Interestingly, Tollip was also found upregulated. Previous studies suggest that Tollip promotes neuronal apoptosis and inflammation ([@B70]). Its upregulation similar to the MyD88 may suggest a proinflammatory effect of SGE on SH-SY5Y. In addition, our results showed an upregulation in enolase 2 and caspase 3. Enolase 2 is induced upon inflammatory signaling and it associated with degradation of the extracellular matrix, and caspase 3 is associated with cell apoptosis ([@B71]), suggesting a proinflammatory response in the central nervous system. This is of importance since tick bites can also be associated with Tick paralysis, a non-infectious disease caused by specific protein in tick saliva that demonstrates the effect of salivary proteins on the vertebrate nervous system ([@B72], [@B73]). However, It is important to disclose that we used immature/undifferentiated SH-SY5Y and the effect of tick saliva on mature neurons may be different ([@B74]).

These preliminary findings could also suggest that different cells types are affected by tick saliva during bites and that these cells have a specific response, which requires more attention to better elucidate their role during inflammation and pathogenesis of neuronal tick-borne infectious diseases. Indeed, our results showing overall differences in the response against CT-SGE and FT-SGE could be due to the underlying genetic difference between tick strains. Previous studies suggest that genetic variation of *A. americanum* is highly affected by their abundance in the environment as well as their aggressiveness as ectoparasite feeding in multiple hosts and can be significant in ticks collected from different geographical locations ([@B23], [@B75]). They also suggest that the lack of specificity in host preference of *A. americanum* may be responsible for the significant genetic variation among tick populations ([@B75], [@B76]). Age-related differences in the tick salivary component may also explain the differences observed between the two tick groups included in this study ([@B2], [@B58]). Specifically, ticks from the colony have a specific age-matched by the time of molting. However, ticks collected in the field may have different age (in days) and represent a more heterogeneous mixture of individuals. Nonetheless, our results highlight the importance of conducting this type of studies with field collected ticks and not laboratory reared ticks as they more closely resemble the expected responses when in contact with a human host.

Although interesting, our study has several limitations. Working with SGE instead of pure saliva introduces more components that could cause an interaction during the measurement of antibody responses. We aim to deepen our findings using pure saliva extract from both, colony and field ticks. Also, the number of volunteers was limited and information about their travel history was not recorded, these factors may have an impact in the observed response arthropod saliva since previous or chronic exposure to salivary proteins may impact antibody profiles ([@B77]). We anticipate enrolling at least 200 participants in a larger study to confirm the results to the current study using whole tick saliva as the antigen instead of SGE. However, we consider that the results provided in this preliminary study may lead to important conclusions and future directions.

Conclusion {#s5}
==========

This study shows that tick salivary gland protein content varies depending on the tick origin, indirectly showing that environmental conditions and probably host feeding preferences may have an impact on salivary gland content and immunogenicity. Also, our results suggest that salivary proteins from a tick can be used to measure the intensity of exposure to arthropod bites. However, not all salivary proteins are immunogenic, and this study reveals potential candidates to develop specific salivary biomarkers for *A. americanum* exposure.
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